Metabolism of lactate as a carbon source by Pseudomonas citronellolis occurred via a nicotinamide adenine dinucleotide (NAD)-independent Llactate dehydrogenase, which was present in cells grown on DL-lactate but was not present in cells grown on acetate, aspartate, citrate, glucose, glutamate, or malate. The cells also possessed a constitutive, NAD-independent malate dehydrogenase instead of the conventional NAD-dependent enzyme in the tricarboxylic acid cycle. Both enzymes were particulate and used dichlorophenolindophenol or oxygen as an electron acceptor. In acetate-grown cells, the activity of pyruvate dehydrogenase and NAD phosphate-linked malate enzyme decreased, whereas NAD-independent malate dehydrogenase activity increased relative to cells grown on glucose or lactate. This was consistent with the need to maintain a supply of oxalacetate for metabolism of acetate via the tricarboxylic acid cycle. Changes in enzyme activities suggest that gluconeogenesis from noncarbohydrate carbon sources occurs via the malate enzyme (when oxalacetate decarboxylase is inhibited) or a combination of the NAD-independent malate dehydrogenase and oxalacetate decarboxylase.
In Pseudomonas citronellolis, the pathways for the interconversion of pyruvate, oxalacetate (OAA), and phosphoenolpyruvate (PEP) are more complex than the analogous pathways in other organisms (R. . This is due, in part, to the presence of both pyruvate carboxylase (EC 6.4.1.1.) and PEP carboxylase (EC 4.1.1.31) in P. citronellolis. Prior to this discovery, other organisms were found to contain either, but not both, of these anaplerotic enzymes (18) . P. citronellolis also contains a very active OAA decarboxylase (EC 4.1.1.3.), working in the direction opposite that of pyruvate carboxylase, and PEP synthase (EC 2.7.1.dd), working in opposition to pyruvate kinase (EC 2.7.1.40). The net result is a complicated system of apparently futile cycles, whose complexity suggests the need for coordination in regulating the pathways for the metabolism of OAA, PEP, and pyruvate (O'Brien et al., J. Biol. Chem., in press). The pathways of glucose catabolism to, and gluconeogenesis from, PEP and pyruvate have also been surveyed in P. citronellolis (10) . The aim of the present work was to determine how P. citronellolis oxidizes noncarbohydrate carbon sources and how these oxidations may be linked to gluconeogenesis through pyruvate, OAA, and PEP.
MATERIALS AND METHODS
Growth of the organism. P. citronellolis was grown on basal medium (10) with the following carbon sources used at final concentrations of 1%: glucose, citric acid, i-aspartic acid, L-glutamic acid, and -malic acid. DL-Lactate and potassium acetate were used at final concentrations of 0.6 and 0.5%, respectively. The free acids were neutralized to pH 7.0 with KOH prior to sterilization. Growth and harvesting of the cells were done as described previously (10) .
Preparation of cell extracts. Cell extracts were prepared by sonic oscillation (10) . For isolation of the particulate nicotinamide adenine dinucleotide (NAD)-independent lactate and malate dehydrogenases, the extract was centrifuged at 12,000 x g for 15 min at 5°C. The supernatant was then centrifuged at 160,000 x g for 2 h at 5°C, and the resultant pellet was suspended, in the same buffer as used for the sonic oscillation (10) The NAD-independent enzyme was particulate, since after centrifugation at 160,000 x g about 90% of the activity was in the pellet (Table 1) .
The reaction product was identified as pyruvate by using purified NAD-dependent lactate dehydrogenase and reduced NAD (NADH). Unlike the case for P. aeruginosa, in which both particulate D-and L-lactate dehydrogenases were induced by DL-lactate (9), only Llactate dehydrogenase was induced in P. citronellolis. 1-Lactate did not inhibit the L-lactate dehydrogenase.
Cells of P. citronellolis grown on the substrates shown in Table 2 and on citrate, glutamate, or malate were devoid of an NAD-dependent malate dehydrogenase. Instead, the cells possessed a particulate NAD-independent malate dehydrogenase with properties similar to those of the NAD-independent lactate dehydrogenase (Table 1 ). The NAD-independent malate dehydrogenase appeared to be constitutive, since it was detected in cells grown on acetate, aspartate, glucose, and lactate (Table  2) , and also on citrate, glutamate, and malate (data not shown). Growth of the organism on malate did not induce a higher activity of the enzyme. However, growth on acetate caused a twofold increase in activity, whereas growth on aspartate reduced the activity by about half ( Table 2 ). The product of the enzyme reaction was identified as OAA by using purified NADdependent malate dehydrogenase and NADH. The properties of the NAD-independent malate dehydrogenase, namely, its constitutive particulate nature and its ability to utilize oxygen or DCPIP, but not NAD, as an electron acceptor, resemble those of the same enzyme found in several species of Pseudomonas (3, 6, 16), all of which lacked the NAD-dependent enzyme.
A higher activity of both the lactate and malate dehydrogenases with DCPIP was observed when PMS was added to the assay system (Table 1). Oxidation of both lactate and malate with oxygen as the electron acceptor was completely inhibited by 1 mM KCN. Cyanide stimulated the enzyme activity by some 30% when assayed by the DCPIP method, presumably by inhibiting the transfer ofelectrons to oxygen.
The constitutive malate enzyme in P. citronellolis was NADP dependent (Table 2 ) and presumably functions in the direction of NADPH synthesis. Growth on acetate repressed the activity of the enzyme as observed in other pseudomonads (5, 8) . The enzymes of the glyoxylate bypass were present in acetategrown cells but were not measured in cells grown on the other carbon sources. The activities of the tricarboxylic acid cycle enzymes of cells grown on glutamate and citrate were similar to those of cells grown on lactate. shown. Since the NAD-independent lactate dehydrogenase is induced by growth on DL-lactate, its function is to convert lactate to pyruvate for further oxidation via the tricarboxylic acid cycle or for conversion to PEP for gluconeogenesis, thus enabling the organism to grow on this carbon source. The NAD-independent malate dehydrogenase apparently functions in the tricarboxylic acid cycle, since it is constitutive and since we were unable to find an NAD-dependent malate dehydrogenase. All of the other enzymes of the tricarboxylic acid cycle and the malate enzyme were detected. Thus, gluconeogenesis from intermediates of the tricarboxylic acid cycle may involve either the malate enzyme or the combined action of the NAD-independent malate dehydrogenase and OAA decarboxylase (Fig. 1) .
DISCUSSION
One of the requirements for efficient oxidation of the carbon source through the tricarboxylic acid cycle is a proper balance between the levels of OAA and acetyl coenzyme A (acetyl CoA). The regulation of enzymes in P. citronellolis appears to be coordinated to achieve such a balance. For example, during growth on acetate, the changes in enzyme activities suggested that there was a shift in the metabolic pattern to favor OAA synthesis. 
